There is a belief that the administration of nitrous oxide (N 2 O) increases hearing acuity. This increase can be interpreted as hearing low intensity sounds more loudly. This study examined auditory threshold levels, acoustic impedance, acoustic perception, memory, and discrimination to determine if hearing was altered by end-tidal 10% or 20% nitrous oxide. Subjects also qualitatively interpreted three intensity levels using a subjective intensity test. Observations were made in the breathing mediums of room air in the control stages (Stages 1 and 4) , compared to N 2 O and supplemental oxygen (Stages 2 and 3) , in 16 human subjects in a quiet room. Breathing end-tidal 10% and 20% N 2 O significantly increased middle ear pressure, and produced a significant effect on the subjective interpretation of a sound's intensity. There was no significant effect on auditory threshold at a range of frequencies. It appears that 10% or 20% N 2 O inhalation does not lead to the commonly held view of increased hearing acuity as measured in terms of auditory threshold. Rather, at these levels of N 2 O inhalation, subjects experience a state similar to a pre-sleep stage, whereby the hearing diminishes but remains active for loud intensity sounds.
The effect of nitrous oxide (N 2 O) on the nervous system has been studied in humans [1] [2] [3] and some work has reported subjective hearing change 3 . Traditionally this is considered to be an increase in auditory acuity [4] [5] [6] , that is, a lowering in auditory threshold, or that "background noise appeared magnified" 7 in subjects breathing N 2 O and oxygen (O 2 ). However, Westerlund and co-workers (1961) 3 and Tomlin and co-workers (1973) 8 stated that there was either no change or a decrease in hearing acuity.
Given these inconsistencies in the literature, this study aimed to determine, in a quantitative and qualitative manner, whether hearing was altered by the administration of end-tidal 10% or 20% N 2 O. It is important to know the effect of N 2 O on hearing so that, if hearing acuity is enhanced, the importance of attention to avoiding sensitive statements within the patient's earshot can be reinforced. On the other hand, if hearing acuity is reduced, clinicians caring for patients under N 2 O may have some insight as to whether these patients might not hear correctly instructions given to them. The findings therefore have implications for the care of the patient because of possible medico-legal implications 9 .
In this article, we studied the influence of N 2 O on auditory threshold, auditory impedance, subjective intensity and the ability to discriminate sounds of different intensities 8, 9 . This study also provided some data as to whether 10% or 20% N 2 O had an effect on the ability of subjects to remember sounds or the ability to concentrate, and therefore the potential to influence their ability to respond to the tests of hearing acuity.
MATERIALS AND METHODS

Subjects and Sequence of Testing
Subjects were University of Sydney Dentistry students (n=10) and postgraduate science personnel working in the private sector (n=6). Of the 16, five were females and 11 were males with a mean (SD) age of 24 (5) years, mean weight of 67 kg and mean height of 171 cm. Subjects were informed that they were to breathe various air and N 2 O:O 2 concentrations, and were to have physiological monitoring and a number of hearing tests on both ears. Ethics approval was obtained from the St. George Hospital Ethics Committee.
Each subject breathed gases in four stages. These stages were: Stage 1 (room air); Stage 2 (10% N 2 O: 90% O 2 ); Stage 3 (20% N 2 O:80% O 2 ) and Stage 4 (room air). A 10-minute period elapsed during each stage to allow for gas equilibration to achieve these end-tidal concentrations [10] [11] [12] . Nitrous oxide was administered through a full-face mask held firmly against the face by the subject. Each subject breathed spontaneously. The N 2 O levels used in this study allow a conscious, coherent response and have minimal side-effects 4, [12] [13] [14] [15] [16] [17] [18] .
Statistical analyses involved repeated measures ANOVA and the Schéffe test to compare treatment effects (between the different stages), ear side (left ear versus right ear), age group (over and under 25 years of age) 19, 20 and gender (male versus female).
Testing 2.1 Assessment of Acoustic Impedance
Middle ear pressure (MEP), physical volume (PV) and compliance (COMP) were measured to determine if any middle ear changes occurred with the use of N 2 O. The Earscan 21 audiometer (Micro Audiometrics Corp, South Daytona, FL, U.S.A.) has a pressure probe which, when inserted, seals the ear canal and creates pressure fluctuations between -312 to 200 daPa relative to atmospheric pressure, then a pure tone (226 Hz) is delivered.
Under N 2 O inhalation, changes can occur in MEP that may result in, for example, bulging and possibly an alteration in the flexibility in the tympanic membrane 11, 22 . This could influence the compliance of the eardrum and possibly alter hearing [23] [24] [25] . The MEP is normally equivalent to atmospheric pressure 26 and the meaurements (daPa) in this article are relative to atmospheric pressure 27 . Normal MEP values range from 0 to -100 daPa relative to atmospheric pressure 21 . Physical volume is the volume in the ear canal from the measuring cuff to the eardrum; the PVs in young children range from 0.4 to 0.8 ml while adult values range up to 2.5 ml 21 . This was measured to determine possible external anatomical auditory anomalies. Compliance is the flexibility or mobility of the tympanic membrane and gives a measure of the ability of the membrane to reflect sound waves, with normal values ranging from 0.2 to 1.5 ml 21 .
Assessment of Auditory Threshold
The normal auditory range in humans is about 20 Hz to 15 kHz, with 1 kHz to 4 kHz being the most sensitive range. Human speech is within the 100 Hz to 7 kHz range 20, 28, 29 . The term auditory threshold at a particular frequency defines the lowest intensity level (dB) that the subject can hear just before that sound is considered inaudible 20 .
Each subject was presented with the frequencies 500 Hz, 1 kHz, 1.5 kHz, 2 kHz, 3 kHz, 4 kHz, 6 kHz and 8 kHz, in descending order of loudness intensity, to determine the auditory threshold 29 . Subjects indicated that they heard a sound by pushing a hand-held button connected to the audiometer.
Intensity Matching Testing
The intensity matching test determines the ability of the subject to remember the intensity of an initial reference sound, and the ability of that subject to detect, interpret and judge comparison sounds 30 . This test could indicate whether sounds can be appreciably recalled by a patient, but the data provides no indication as to whether verbal statements could be understood.
Subjects were presented with a 4 kHz frequency sound at six discrete intensities, to be compared with the intensity of an initial reference sound. The initial reference sound was individually tailored for each ear and subject, that is, set at 20 dB higher than the hearing threshold level at 4 kHz for that subject. The values were derived from the auditory threshold test in Stage 1. Both ears were tested.
The six comparison intensities differed from the reference sound by a factor of 5 dB and were presented to each ear in random order. The examiner recorded the subject's judgements, using "N" for same, "L" for louder and "S" for softer, on an answer sheet hidden from view. Answers were collated after the experiment and were converted to a number: +1, 0, -1, which involved comparing that answer to the level of intensity presented relative to the reference level. If the subject answered correctly, a score of "0" was assigned. Incorrect answers scored "-1" or "+1". The score of "-1" indicated that the subject thought the comparison sound was the same as or softer (i.e., quieter) than the reference sound, when in fact it was louder. The score of "+1" denotes that the subject thought the comparison sound was the same as or louder than the reference sound, when in fact it was softer. For example, when the reference sound was 30 dB and comparison sound 35 dB and the subject's judgement was S or N, then the score was -1 (the subject thought the sound was softer than it really was). If the judgement was L, then the score is 0. The number of correct (0) or incorrect (+1, -1) answers were collated and analysed using ANOVA.
Subjective Intensity Testing
A tone of 4 kHz at 40, 60 and 80 dB was presented to each subject. The intensities were chosen as being typical intensity levels encountered in everyday life 28, 31 . The subject did not know the frequency, intensity or the sequence presented. The intensity levels were randomly presented with both left and right ears being randomly and simultaneously tested. A total of six measurements were taken for each subject, in each stage.
Subjects recorded their interpretations of the intensities by placing a mark (line) on an unmarked 100 mm linear visual analog scale with the indicators being "very soft" and "very loud" at either end of the line. A new page was given to each subject in each stage, then removed from view, to prevent comparison with previous recordings.
Test Environment
A quiet and isolated office room was employed after hours. Stages 1 and 4 utilized room air. For Stages 2 and 3, gas was obtained from independent N 2 O and O 2 gas cylinders attached directly to a portable anaesthetic machine with a Datex physiological monitor and an inbuilt gas analyser. Auditory threshold levels and acoustic impedance measurements were made with the Earscan 21 .
RESULTS
Acoustic Impedance
The mean (SD) of middle ear pressure (MEP), physical volume (PV) and compliance (COMP) for both ears for all subjects (n=32) for Stages 1, 2, 3 and 4 respectively are listed in Table 1 .
For MEP, there were statistically significant differences between all the stages (P<0.05) except there was no significant differences between Stages 2 and 4. The data suggests that MEP does increase under N 2 O inhalation and returns to normal values after cessation of N 2 O inhalation 11 . PV and COMP values were within normal limits and there were no significant differences between the stages (P>0.05).
Auditory Threshold
Mean values are plotted in Figure 1 . The data were decomposed into single degree-of-freedom regression terms and covariates ( Table 2 ). There was no significant effect of changes in N 2 O concentration on auditory threshold at any frequency ("Treatment" row, Table 2 ). There were no significant differences between the groups for the factors of age or gender ( Table 2 ).
There were, however, significant differences between the frequencies (Table 2 and Figure 1 ). This was to be expected as auditory thresholds are known to vary with frequency 20, 32 . A further regression analysis identified a relationship that predicted the threshold levels (dB) according to the frequency (kHz), a constant (19.1 dB) and the ear tested in this group of subjects:
Right Ear: dB=19.1-1.3-(0.15/kHz)=17.8-(0.15/kHz ) Left Ear: dB=19.1+1.3-(0.15/kHz)=20.4-(0.15/kHz ) A significant difference (2.6 unit (dB)) existed between the left and right ears, the probable explanation being that the subject's left side was positioned closer to the inherent noises from the anaesthetic machine.
Intensity Matching
The first type of analysis (ANOVA; statistical significance at P-level of 0.01) involved comparing the number of correct (0) answers between the different stages. There were no statistically significant differences between the treatment stages, age groups, ear sides and gender types ( Table 3 ). The data suggest that there was no influence from N 2 O on auditory memory, although subjects were more likely to state that the comparison sound was softer or the same in comparison with the reference sound during all stages of the experiment (Table 4 ).
Subjective Intensity
There were no statistically significant differences between the different age groups, ear sides, or gender types. The stimulus intensities were significantly different indicating an ability to subjectively discriminate between them (Table 5) .
Mean subjective intensity scores were significantly lower while breathing nitrous oxide compared to air Subjective intensity at 40 and 80 dB did not demonstrate a statistically significant effect due to N 2 O inhalation. In the light of the small standard deviations of these scores, this probably reflects bunching of scores at the ends of the visual analog scale.
DISCUSSION
Acoustic Impedance
Any impedance change would indicate that the physical status of the ear had been affected 24 . If significant changes in the impedance occurred while subjects were breathing N 2 O, and there was a corresponding change in any of the tests of hearing acuity, then one could postulate that any changes in measures of hearing acuity might be related to a change in the physical status of the ear. However there was no effect of N 2 O on hearing acuity as measured by auditory threshold. 273 
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The data indicate that N 2 O does influence the MEP and this finding is consistent with previous descriptions 33 . It should be pointed out, however, that this effect on MEP may also be related to the increased partial pressure of oxygen because of the administration of nitrous oxide and oxygen together. Nevertheless, there was no difference in MEP between Stages 2 (10% N 2 O) and 4 (air). It is possible that insufficient time was allowed for the end-tidal concentration of 0% N 2 O to develop and thus MEP may not have had sufficient time to return to control levels present during Stage 1. The PV and COMP mean values were within normal limits and there were no significant differences between the stages.
Auditory Threshold
Nitrous oxide influenced MEP and therefore it might be expected that these MEP changes would influence auditory threshold, but in this group of subjects there was no significant effect on auditory threshold levels. The only significant effect noted, apart from frequency, was the effect of the position of the ear in relation to the anaesthetic machine.
In summary, there were no significant effects of N 2 O on auditory threshold in this group of subjects. It appears that 10% and 20% N 2 O inhalation does not lead to an increased hearing acuity as measured in terms of auditory threshold.
Intensity Matching
The main objective of this test was to determine whether the 16 subjects could retain acoustic memory and discriminate between a 5 dB shift in auditory tones while breathing various gaseous mixtures (air, N 2 O with O 2 ). Liebermann et al 28 state that a 6 dB difference in intensity is perceived as about a twofold difference in loudness: therefore, in this present test, the intensities were distinctly different.
The data suggest that the subjects had retained their discriminating capacities while under the influence of N 2 O. Comparing the number of -1 to +1 responses, there was no change in the proportion of -1 answers under N 2 O in comparison with air. This indicates that N 2 O had no significant effect on the ability to remember the sounds or discriminative abilities.
Subjective Intensity
Since the intensity level of 60 dB in relation to the other two levels, 40 and 80 dB, was significantly distinct (P<0.001) in the control stages (1 and 4) , the interpretation of the relationship between these three intensities provides a basis for studying the effects of N 2 O. There appears to be an influence of 10% and 20% N 2 O (Stages 2 and 3) on hearing at 4 kHz and various intensities. This influence was independent of age, ear, and gender differences.
During Stages 2 and 3, subjective intensity of 60 dB sound was diminished. This seems to contradict the view that hearing becomes more "acute" (i.e., quieter sounds seem louder) under N 2 O. It appears that 10% and 20% N 2 O levels are similar to a pre-sleep stage whereby the individual's hearing diminishes but they are still able to hear loud intensity sounds.
CONCLUSIONS
The data indicate no effect of 10% or 20% N 2 O on auditory threshold levels (auditory threshold test) while middle ear pressure significantly changed as assessed by impedance tests. In addition, acoustic memory, discrimination and judgement capacities were also not affected by 10% or 20% N 2 O, as noted by the lack of significance in the intensity matching test. However, there was a statistically significant effect in the subjective interpretation of a sound's intensity (subjective intensity test). It appears that, in this group of subjects, subjective interpretation of a sound is altered while breathing low levels of N 2 O.
There have been studies on the effect of N 2 O on the human nervous system using auditory evoked responses 1,2 , but these studies did not consider the possible clinical implications of the results. There has been research into the effects of N 2 O on various sensory perceptual capabilities, without specifically concentrating on hearing 34 . In these other studies, the concentrations of N 2 O were high and could have possibly impaired judgement and compliance 8, 35 .
This study demonstrates that under the influence of low levels of nitrous oxide, subjects are able to discriminate sounds of different intensities, but their perception of the loudness of sounds is diminished. The methods described also provide a protocol for testing the hearing changes under the influence of other anaesthetic agents. 
